Introduction
Chirality is a natural phenomenon which plays a key role in the fields of life genesis [1] , enantio-selective catalysis [2] , optics [3] and surface sciences [4] [5] [6] [7] [8] [9] [10] . Interest in molecular chirality started with the pioneering work of Louis Pasteur on tartaric acid [11] , and his groundbreaking discovery concerning molecular symmetry.
In recent years, the study of two-dimensional (2D) chiral assemblies has been the focus of intense scientific investigations. The main scientific interest is not only concentrated on the observation and comprehension of chiral phenomena but also on the selective engineering of 2D chiral nanoarchitectures [6, [12] [13] [14] [15] [16] . Molecular self-assembly opens a new route for the induction, amplification and engineering of 2D chirality. Molecular design and intermolecular interactions are play key role in chiral molecular self-assembly. Sophisticated self-assembled organic nanoarchitectures have been engineered, for example to take advantage of directional intermolecular hydrogen bonding [17] [18] [19] [20] [21] . Supramolecular chirality can be engineered through different methods. 2D chirality can result from the self-assembly of chiral building blocks [5, 22] as well as achiral [23, 24] and prochiral building blocks [25] . Prochiral molecules are molecules that become chiral once adsorbed on a surface. The nanoarchitecture chirality can also be tailored using a chiral modifier, such as a solvent [4, 26, 27] or a surface [25, 28] . Multicomponent chiral supramolecular nanoarchitectures can also be engineered by mixing a complementary chiral and achiral molecular building blocks [23, 29, 30] . Despite numerous chiral 2D organic nanoarchitectures being engineered to take advantage of the assembly of prochiral molecules, the fabrication of structures resulting from the self-assembly of the different molecular enantiomers in one single continuous domain has been rarely observed [31, 32] .
In this paper we report on the self-assembly of prochiral babituric derivatives at the 1-phenyloctane/graphite interface. Scanning tunneling microscopy (STM) reveals that the molecules self-assemble into a sophisticated supramolecular chiral guest-host nanoarchitecture. The moelcular host structure appears to result from the selective arrangement of the two molecular enantiomers.
Experimental
Solutions of 5-(4-(tetradecyloxy)benzylidene)pyrimidine-2,4,6(1H,3H)trione (PMS) molecules in 1-phenyloctane (Aldrich) were prepared with a concentration around 10 −4 mol/l. A droplet of this solution was then deposited on a highly oriented pyrolytic graphite (HOPG) substrate. STM imaging of the samples is performed at the liquid-solid interface using a SPM Nanoscope III (Veeco, Bruker) scanning tunneling microscope. Cut Pt/Ir tips were used to obtain constant current images at room temperature with a bias voltage applied to the sample. STM images were processed and analyzed using the application FabViewer [33] .
Results and discussion

Molecule scheme
The PMS molecule has a formula of C 25 H 36 N 2 O 4 . The structure of PMS is shown in figure 1 with a stick-ball model. The molecule by itself is not planar; we draw it as planar as a guide for the eye for readers. The molecules are synthesized and the details of the synthesis are introduced in the attached supporting information. PMS is a prochiral molecule. It becomes chiral upon absorption on a surface [25] . The two enantiomers are defined as PMS-l (left-handed) and PMS-r (right-handed) chiral phases, see figure 1.
Molecular self-assembly
The large-scale STM image in figure 2(a) shows that PMS molecules self-assemble into a sophisticated 2D architecture at the 1-phenyloctane/graphite interface immediately after droplet deposition at room temperature. The PMS architecture is a long range ordered network composed of parallel wavy molecular stripes. Bright spots are observed periodically between the neighboring stripes.
A high resolution STM image reveals that PMS molecules are oriented perpendicular to the molecular stripe direction, see figure 2(b). The head (benzylidene barbituric acid) [34] of the PMS molecule appears as two bright spots which are contributed by the electron DOS (density of states) from the barbituric and the phenyl rings, respectively. The molecular alkyl chain appears darker in the STM image in figure 2(b) . All alkyl chains are aligned parallel along the symmetry axis of graphite substrate as shown by the white dashed lines in figure 2(b) . The unit cell of the wavy supramolecular architecture has a shape of a parallelogram with 3.1 nm and 6.3 nm unit cell constants and an angle of around 115°between the axes. The cell is composed by 14 PMS molecules. Twelve PMS molecules are from the supramolecular wavy stripes and two molecules from the periodic bright spots nested between the wavy stripes (figures 2(b) and (c)).
The scheme in figure 2(c) represents the organization of the wavy row structure. PMS molecular heads and alkyl chains are simplified as orange ellipses and dashed lines respectively to mimic the complex supramolecular wavy patterns. PMS molecules are arranged in head-to-head fashions perpendicular to the stripe axis. The head-to-head fashion of the PMS molecules are stabilized by the formation of hydrogen bonds which will be illustated in detail in figure 3 . The molecular stripes are double row structures. The neighboring PMS double-rows have identical wavy patterns but are shifted along the direction of their main axis. They are stabilized from the van der Waals interaction of the parallel alkyl chains on the HOPG surface. The shift from the neighboring supramolecular wavy tripes leads to the periodic formation of cavities which are 1 nm in size. In between the neighboring rows, two guest molecules are nested inside each of the cavities in a side-by-side arrangement. The paired guest molecules are stabilized by N-HLO and C-HLO hydrogen bonds. The PMS supramolecular network is therefore a 2D host-guest system. Figure 3 shows the analysis of structure symmetry from the PMS host architecture on the surfaces. Two PMS enantiomers are distinguished as red and green isomers on the surfaces due to the 2D molecular chirality, see figure 2(a) . The chiral isomers form head-to-head dimers through N-HLO hydrogen bonds, modelled in figure 2(a) . Two different dimers are formed. The red dimers (l-l dimer) are formed from two PMS-l isomers purely, whereas the green dimers (r-r dimer) are formed from two PMS-r isomers. l-l dimer and r-r dimer are chiral enantiomers on surfaces. A high resolution STM image from two neighboring wavy rows is shown in figure 3(b) . The molecular model of the network structure is presented in figure 3(c) . Supramolecular wavy rows are composed of both PMS l-l and r-r dimers side-by-side through N-HLO and C-HLO hydrogen bonds. Comparing the neighboring wavy rows, each red (green) dimer is facing an opposite chiral green (red) dimer horizontally. Two chiral blocks are highlighted between the two neighboring supramolecules by the red and green dashed lines, see figures 3(b) and (c). The red block is composed of four PMS-l and two PMS-r enantiomers and has a left-handed diamond shape. The PMS-l/PMS-r ratio is 2:1 and it is a left-handed (S) chiral block. The green block is composed of two PMS-l and four PMS-r enantiomers and has a right-handed diamond shape. The PMS-l/PMS-r ratio is 1:2 and it is a right-handed (R) block, see figure 3(c) . The S and R building blocks are therefore enantiomeric pairs, see figure 3(a) . The supramolecular wavy structures are composed of a periodic alternation of R and S blocks along the row axis. Neighboring wavy rows are shifted along the row axes with one building block length, see figure 2 . Each of the S(R) building blocks are organized close to an opposite R(S) building blocks along or perpendicular to the row axes. PMS rows are composed of building blocks with a RS organization. Neither an SS nor RR sequence is observed. The supramolecular wavy network is a An STM image of the wavy supramolecular structure. S (lefthanded) and R (right-handed) chiral building blocks are highlighted by red and green dashed parallelograms respectively. (c) A molecular model shows the wavy shape supramolecular organization from both PMS-l and PMS-r enantiomers, the distance between the two nearest molecular rows is shown with a value 2d.
2D Heterochirality
2D heterochiral structure. The PMS-l to PMS-r ratio is 1:1 for the 2D network.
In this structure the alkyl chains of all PMS molecules are parallel to each other. The organization of the alkyl chains is not homogeneous due to the alternative appearance of the two enantiomers. PMS molecules are stabilized by van de Waals interactions from the alkyl chains between the neighboring rows. The nearest tail-by-tail distance between the neighboring wavy-row is around 3.3 nm ( figure 2(c) ). This value is twice the length of C 14 H 29 alkyl chains (2d = 3.3 nm). There is therefore no intercrossing between alkyl chains from neighboring PMS molecular rows.
PMS is a prochiral molecule. It becomes chiral upon adsorption on surface because of the adsorption-induced symmetry loss. PMS-l (left) and PMS-r (right), figure 1, are the two molecular PMS enantiomers with a 2D mirror symmetry on surfaces. Two isomers from the same chiral phase (l+l or r+r) form chiral left or right dimers. These dimers self-assembled into enantiomeric building blocks S and R, presented in figure 4 . The organic wavy lines observed in figure 2 result from the sequential succession of R and S chiral blocks. The unit cell of the wavy network is superimposed to the building blocks organization, see the blue parallelogram in figure 4 . Each unit cell is composed of one S plus one R building block. This means that the PMS-l to PMS-r ratio is 1-1 among the supramolecular wavy networks. That verifies the equal probability of PMS molecule to adsorb in the r or l configuration. The supramolecular wavy host is organized from the building blocks in a SR sequence on 2D surfaces, see figure 4 . It therefore has an organizational 2D heterochirality. The wavy supramolecular network is an enantiomic-mixed structure and is racemic. The supramolecular wavy-structure and its 2D heterochirality are the results of 2D chiral self-assembly from single chiral molecule.
Conclusion
To summarize, we investigated the self-assembly of the pochiral PMS molecules on graphite at the solid-liquid interface using scanning tunneling microscopy. Molecules self-assemble into a wavy-shape guest-host structure from both of the enanotiomers. The wavy double-row host structure has an organizational 2D heterochirality. The heterochirality is transferred from single chiral molecules to 2D networks through chiral self-organization. Paired guest molecules are trapped periodically in the host wavy structures. The supramolecular organization of the network reveals that this nanoarchitecture is enantiomeric-mixed and is racemic. Our results show molecular self-assembly can be used to fabricate functional chiral guest-host nanoarchitectures through chiral induction and amplification. These observations contribute in improving the controllability, predictability, and stability of chiral nanoarchitectures at the molecular scale. 
